Quorum sensing (QS) exists widely among bacteria, enabling a transition to multicellular behaviour after bacterial populations reach a particular density. The coordination of multicellularity enables biotechnological application, dissolution of biofilms, coordination of virulence, and so forth. Here, a method to elicit and subsequently disperse multicellular behaviour among QS-negative cells is developed using magnetic nanoparticle assembly. We fabricated magnetic nanoparticles (MNPs, 5 nm) that electrostatically collect wild-type (WT) Escherichia coli BL21 cells and brings them into proximity of bioengineered E. coli
Introduction
Manipulating bacterial multicellular behaviour is important because it has been found to control cell sporulation (Perego and Hoch, 1996) , motility (Kaiser and Losick, 1993; Kaplan and Plamann, 1996) , luminescence (Engebrecht et al., 1983) , toxin generation (De Kievit and Iglewski, 2000) , gene regulation (Dong et al., 2001 ) and biofilm development (Singh et al., 2000) . The process of generating, secreting, sensing and transducing autoinducers by bacteria is referred to as quorum sensing (QS) (Fuqua et al., 1994) . Extracellular autoinducers, including oligopeptides (Alloing et al., 1998) , N-acyl homoserine lactones (AHLs) (Dong and Zhang, 2005) , furanosyl borate (autoinducer-2, AI-2) (Chen et al., 2002) , dipentane dione (autoinducer-2, AI-2) (Xavier et al., 2007) , hydroxyl-palmitic acid methylester and methyl dodecanoic acid (Kalia, 2013) , are known to facilitate bacterial QS responses that mediate multicellular behaviours when bacterial populations have reportedly arrived at or exceeded a critical cell local density (Tsuchikama et al., 2012; Thompson et al., 2015) . That is, while cell density or even cell distance have provided the context for QS initiation, it is more likely the autoinducer concentration proximal to a QS-responding cell that is the predominant factor . Indeed, the contextualization of QS activity, particularly its contributions to multicellularity, has been the motivation of several hypotheses including diffusion (Redfield, 2002) or efficiency (Hense et al., 2007) sensing, as well as attributions relative to the 'social good' (Parsek and Greenberg, 2005; Sandoz et al., 2007; Dandekar et al., 2012; Asfahl and Schuster, 2018) .
Methods to control QS behaviour have been developed by inhibiting signal molecule generation, receipt and transduction (Roy et al., 2011; Kalia, 2013) , by adding chemical QS inhibitors (Roy et al., 2011; Kalia, 2013) , by 'quenching' QS activity through sequestration or modification of the autoinducers (Basu et al., 2005; Collins et al., 2005; Kaufmann et al., 2005; Roy et al., 2011) or by modifying the cell's external microenvironment (Chun et al., 2004; Fernandes et al., 2010; Luo et al., 2012; García-Contreras et al., 2013) . Additionally, methods to 'program' QS activity have been shown by the addition of in vitro synthesized AI-2 (Servinsky et al., 2016) , or electronic-input inductively generated AI-2 (Gordonov et al., 2014; Tschirhart et al., 2017) .
In this report, we develop a novel and generic means to alter the microenvironment of a population of QS 'silent' cells that are in an inactivated condition by magnetically focusing, in a non-specific manner, native QS signalling cells and their endogenous signalling activity. We further show how QS-activated cells can be moved and released into different locales devoid of QS activity. The method builds on significant prior work using magnetic focusing of bacteria, exploiting positively charged magnetic particles that are bound to the negative surface charge of targeted cells (Gu et al., 2003; Gu et al., 2006; Larsen et al., 2009; Huang et al., 2010; Jin et al., 2014; Ebrahiminezhad et al., 2016; Fang et al., 2016; Gao et al., 2016; Kulmala et al., 2016; Che et al., 2017) . Accordingly, the distance between cells is reduced enabling a rise in the local concentration of the autoinducer secreted by the captured cells and 'programming' their QS-mediated functions, as shown by Lui and colleagues, using a polymeric sequestration approach (Lui et al., 2013) .
The bacterial QS autoinducer, AI-2, is produced by E. coli and many other bacteria as a byproduct of its endogenous 1-carbon metabolism (Surette et al., 1999) . Because of the high prevalence of AI-2 terminal synthase in many bacteria genomes, AI-2 was referred to as a 'universal' QS autoinducer (Schauder et al., 2001; Xavier and Bassler, 2005) , although bone fide AI-2 signalling has proven less-pronounced than originally hypothesized as its recognition is mediated by complex and varying signal transduction mechanisms (Pereira et al., 2013) . That is, perhaps more important than the wide distribution of its synthesis is the relative frequency of its assimilation transporter, Lsr, which is more an indicator of its role as a signal and controller of collective or population-wide behaviour . AI-2 can be detected by various means, including a previously engineered E. coli
(E. coli CT104), or via the LuxQP system of V. harveyi (Surette et al., 1999) . Upon AI-2 uptake, E. coli CT104 (used in the present study) expresses a red fluorescence marker protein, DsRed, based on the use of the lsr promoter, wherein the repressor, LsrR, is inactivated by binding LsrK-phosphorylated AI-2. In pCT6, this results in T7 polymerase expression. Then, pET-DsRed uses the lsr-expressed T7 polymerase and the strong T7 polymerase promoter to amplify the original AI-2 signal leading to colourful DsRed expression. We use DsRed and these reporter cells as a surrogate for the native AI-2-mediated phenotypic response owing to its fivefold greater sensitivity than native E. coli W3110 (Servinsky et al., 2016) . The first objective of this work was to fabricate positively charged monodisperse magnetic nanoparticles (MNPs) for capturing negatively charged wild-type (WT) and reporter E. coli cells, and to investigate the physicochemical characteristics and capture properties of MNPs. The second objective was to collect and concentrate the molecular signalling capability of AI-2 synthesizing cells, amplifying their activity and the QS signalling of luxS − reporter cells using the developed nano-magnetic assembly. The third objective was to build on the initial work of Lui and colleagues (2013) , showing 'sequestrants' bound by polymers, by extension, demonstrating the generalized utility of applied magnetic fields by moving and releasing QS-active cells in nearby environments. In general, this work provides a systems-level method for transforming single-cell activity to multicellular behaviour and the reverse by magnetically localized concentration of WT-secreted AI-2. This is the first generic methodology to alter QS phenotype by the magneticallyinduced collection and focusing of wild-type cells.
Results
Previously, we introduced the QS signalling responsive circuit into the engineered E. coli 'reporter' cells which cannot produce native AI-2 but can sensitively respond to AI-2 and express the fluorescent marker, DsRed (Wu et al., 2013; Terrell et al., 2015; Servinsky et al., 2016; Zargar et al., 2016) . Here, the engineered 'reporter' cells and WT E. coli cells were collected using reverse charge coated MNPs from a relatively low cell density medium (turbidity of 0.4) to focus the native QS signalling activity onto the reporter cells in a robust and defined manner (Fig. 1 ).
Capture and release of E. coli by MNPs
To do this, physicochemical properties of the magnetic particles, their interactions with E. coli cells and the elicited QS responses of the reporter population were systematically studied and assembled (see Supporting Information). That is, MNPs were first characterized (see Supporting Information Figures S1-3 ), then bacterial collection and efficiency were studied. The surface charge of E. coli cells was evaluated and the assembly and disruption characteristics of what we refer to as Magnetic Nanoparticle Cell Clusters (MNCCs) were investigated.
Change cell surface charges
The zeta-potential of E. coli reporter and WT cells were −41.3 and −45.3 mV, respectively, in 10 mmol L −1 PB at pH 7.1 (Supporting Information Figure S4a ), which were similar to those previously reported (Soni et al., 2008) . These values indicated that the cell membranes carried negative charge, providing ample sites for electrostatic attraction with the positively charged MNPs (+5.8 mV, Supporting
Information Figure S4a ). After interacting with 0.5 mg ml
MNPs at cell bulk densities of turbidity at 600 nm of 0.1 to 0.8, the zeta-potential values of reporter and WT cells were −1.9 to −15.8 mV and −0.8 to −14.5 mV, respectively (Supporting Information Figure S4b and c), indicating substantive charge neutralization between the E. coli and MNPs. We note that at low cell bulk density (turbidity < 0.1), the zeta-potential of MNCCs were positive, owing to the surplus of MNPs relative to cells. Analogously, mixed reporter-WT cells at ratios of 1:0 to 1:1 but at higher reporter cell bulk density (turbidity 0.4), showed zeta-potentials of −12 to −16 mV after interacting with the same quantity of MNPs (0.5 mg ml
, Supporting Information Figure S4d ). In order to desorb E. coli cells from the MNPs, 100 mmol L −1 Na 2 SO 4 was added to the MNCC suspension in 10 mmol L −1 PB at pH 7.1. The addition of Na 2 SO 4 decreased the zetapotential of both MNPs and cells owing to an increased ion concentration in the cell suspension and subsequent neutralization of the surface charge of the cells. TEM (Supporting Information Figure S5 ) and SEM (Supporting Information Figure S6 ) images are provided illustrating incorporation of cells and MNPs, and their capture.
Adsorption and desorption of cells by/from MNPs
The capture efficiencies of both reporter and WT cells by MNPs (0.5 mg ml −1 ) were determined by measuring the decrease in turbidity of suspended E. coli cells after magnetic capture. As shown in Fig. 2A and B, the capture efficiencies of reporter and WT cells in 10 mmol L −1 PB (pH 7.1) were 71.6% ± 1.1% and 74.2% ± 1.8% respectively. These values did not change significantly when 0.5 mg ml −1 particles were used over a significant range of cell bulk density (0.1 < turbidity 600 < 0.8); results were similar to the previous report of Huang et al. (2010) , who showed a capture efficiencies in excess of 95% using 10 mg ml −1 magnetic particles and a turbidity 1.0 cell suspension. We limited our studies to 0.5 mg ml −1 MNP so as to reduce agglomeration and optical interference. Additionally, by supplementing 100 mmol L −1 Na 2 SO 4 at neutral pH, we were able to show significant desorption of the E. coli cells from the MNPs at a high (80%) desorption efficiency at turbidites of 0.4-0.8 at 600 nm ( Fig. 2) . As above, we attribute desorption to the neutralization of the electrostatic charge between E. coli cells and MNPs by the sodium and sulfate ions of Na 2 SO 4 . While mixing E. coli cells and 0.5 mg ml −1 MNPs (in 10 mmol L −1 PB, pH 7.1), we found the capture efficiency increased markedly to an apparent saturation at turbidity 0.2, and this subsequently levelled off as the turbidity value at 600 nm was increased to 0.4-0.8. Thus, the MNPs assembled having hydrophilic outer-layer amino groups were shown to exhibit good dispersibility (Huang et al., 2010) and binding to E. coli cells via their electrostatic attraction (Huang et al., 2010) generating the MNCCs. Increases in ionic strength (>100 mmol L −1
Na 2 SO 4 ) were shown to limit MNP-mediated cell capture efficiencies because of the charge neutralization on the bacteria cell surfaces (Jones and O'Melia, 2000) . Correspondingly, such charge neutralization resulted in efficient desorption of E. coli cells from MNPs. That is, we found that more than 70% of the mixed reporter and WT cells could be captured by MNPs at turbidity 600 of 0.4-0.8 in 10 mmol L −1 PB (Fig. 2C) , and further observed that 80% of these cells could be desorbed by the addition of 100 mmol L −1 Na 2 SO 4 . These results suggest that increased ionic strength enables active cell separation from MNPs by the reapplication a magnetic field in essence pulling the particles from the cells. We desorbed cells from the MNPs to (i) show that the process of capture was reversible and (ii) provide accurate data in the further detection of % DsRed of reporter cells using FACS.
E. coli QS signalling focused by magnetic assembly
Having demonstrated efficient cell capture and release, we further studied the effects of nano-magnetic assembly on focusing E. coli QS signalling and imparting that signalling activity onto the reporter cells. Three capture methodologies (depicted in Fig. 3 ) were carried out to investigate the function of nano-magnetic assembly on focusing QS signalling. In the first case (denoted Sample), the reporter and WT cells were taken from their own separately growing cultures at turbidity 0.4, mixed together and exposed to 0.5 mg ml −1 MNPs. The assembled complexes were collected on a circular magnetic tape (MT, diameter of 4 mm) on the bottom of a single well (MNP + MT). In second treatment (denoted Control 1), MNPs were identically used to capture the mixture of reporter and WT cells, but here, the MNPs were allowed to settle on the bottom of a well without MT (MNP only).
In the third case (denoted Control 2), the mixture of reporter and WT cells was introduced without MNPs in a well with the MT on the bottom (MT only). After incubation for indicated times, the fraction of cells expressing DsRed was shown (Fig. 3) ; with corresponding fluorescence images are included in Supporting Information Figure S7 . As noted earlier, the DsRedexpressing cell population is a surrogate for QS-regulated phenotype. Importantly, we demonstrated the collection and stimulation of QS activity at different ratios of reporter to WT cells. The collection of reporter and WT cells on the MT (diameter, 4 mm) was best, effectively focusing E. coli QS signalling in 10 mmol L −1 PB at 37 C (Sample). While QS focusing was highest at a ratio of reporter to WT of 1:1, the effect was also revealed at 1:0.1 and 1:0.01. As expected, in the case without WT cells (no AI-2 synthesis), there was no reported QS activity. In the 1:1 case, however, the percent of DsRed expressers increased to nearly 34% after 6 h incubation at 37 C, and levelled off thereafter. Interestingly, the same dynamics were observed in studies of exogenous addition of AI-2 (Servinsky et al., 2016) . The MNP collection of reporter and WT cells that settled onto the bottom of wells but without MT (Control 1) behaved similarly, showing 30%-40% DsRed expressers after 6 to 12 h incubation. We note in cell suspensions without MNP (no electrostatic capture, Control 2), the percentage of DsRed expressers was only 4% at 6 h, reaching a maximum value of 10% at 10 h. These results demonstrated magnetic collection (Sample and Control 1) of reporter and WT cells by MNPs and the marked focusing of QS signalling from the WT cells to the reporters. Overall, we found positive correlations between the elicited QS activity and the ratio of reporter to WT cells collected by the MNPs, which is similar to previous work where AI-2 was added exogenously and the QS response of affected cells was correlated to the AI-2 level (Servinsky et al., 2016) . These results demonstrated that the magnetically actuated coupling of E. coli WT and reporter cells was able to elicit a 'programmed' collective response in the reporter cells at low cell densities and in response to the externally applied field (Servinsky et al., 2016) . The rationale for these observations of QS signalling at tunable local population densities is due to the shortened AI-2 delivery distance between signal emission cells and signal receiving cells, which, in turn, increased the local concentrations of available AI-2 in the nanoparticle aggregates. In other words, the shortened AI-2 delivery distance from reporter to WT cells improves AI-2 bioavailability by the reporter cells. This also means that the expression rate of the marker protein (or presumably any target gene) can be facilitated by externally applied magnetic fields. The elicitation of the gene expression is thus autonomously triggered by the magnetically programmed cells; AI-2 generated from S-adenosylhomocysteine (SAH) by Pfs and LuxS in the WT cells accumulates extracellularly with cell local density. Subsequently, it triggers the lsr operon in reporter cells by overexpressing DsRed Wu et al., 2013) .
In Fig. 4 , we used fluorescence microscopy to reinforce these findings. We found that reporter cells showed marked fluorescence only after they were collected by magnetic assembly within 12 h incubation at 37 C. Also, the percent of DsRed expressers increased significantly with the increase of the WT cell concentration. Correspondingly, E. coli cells without MNPs capture showed no fluorescence (Supporting Information Figure S8 ). As a corollary to our findings, our earlier results showed capture efficiencies in the vicinity of 73% in 10 mmol L −1 PB (Fig. 2) , which implies that 27% of the reporter and WT cells remained being distributed in suspension. As there was effectively no QS response among the suspended reporter cells (Supporting Information Figures S7 and S8) , our results also indicate that the net effect of magnetic treatment was to obviate or 'quench' QS activity among the remaining freely suspended bacteria or in their resident locales. While we recognize that this observation is entirely dependent on the experimental apparatus (in a well of a 24 well plate) and its volume (500 μl), it does reveal how significant the magnetic focusing can be in the localized spaces.
Effects of cell capture methodology on QS focusing
To demonstrate the robust nature of this process, two additional capture methods with different capture orders were evaluated: (i) capturing reporter cells first and then using the MNP-reporter cell complexes to capture WT cells, and (ii) capturing WT and reporter cells independently and then mixing the two complexes, essentially reconstituting the assembled complexes above based on the superparamagnetic nature of the particles.
In the first case, inactive QS reporter cells were first captured by MNPs using the conditions noted above, and these complexes were subsequently mixed with WT cells and incubated for 12 h. The percent of DsRed reporter cells (Fig. 5) never rose above 4%, indicating the capture of non-communicating reporter cells does not enable their QS activity even when potentially exposed to QS signalling cells, albeit at low cell local density. This phenomenon was likely due to the separation of reporter and WT cells. The MNPs coated on the surface of reporter cells were likely held firmly so that further attempts to couple to the surfaces of WT cells resulted in suspended WT cells and presumably reporter cells that were captured and settled onto the bottom of a well.
In the second case, the capture efficiency of MNPreporter cells and MNP-WT cells was high (70%), and their subsequent mixture enabled focusing of the WT AI-2 synthesis activity, with the reporter cells yielding about 40% DsRed expressers (Fig. 6 ) after 6 h incubation. Interestingly, we observed no significant differences on the population of cells exhibiting QS signalling in studies using vastly lower WT cell bulk density (from 0.3 to 0.01, Fig. 6 ), implying that this focusing method could also be used to facilitate multicellular behaviours in lower cell bulk density systems.
In summary, shortened cell-cell communication distance using magnetic assembly facilitates the delivery of inducer molecules in a contractible space, which increases the targeting performance of inducer molecules arriving at the objective cells. The present result furthers our previous efforts magnifying E. coli cell QS signalling by shortening the delivery distance between AI-2 and its perception by the E. coli cells. In the previous work, the AI-2 was synthesized from precursors by the affinity placement of enzymes directed onto the outer surface of the targeted cells (Fernandes et al., 2007; Fernandes and Bentley, 2009 ). In the current scenario, WT cells provide the synthesis and delivery of AI-2 as opposed to a protein-based nanofactory shown earlier.
Movement and release of MNP-focused QS activity
As noted above, magnetic nanoparticle assembly has been used to generically coalesce and cluster cells. Further, polymeric materials have been used to focus QS activity (Lui et al., 2013 ). An advantage to MNP focusing of QS activity is that the magnetic field offers external stimulus for focusing QS in a defined and 'programmable' manner. That is, with minimal effort, QS active cells can be moved enabling multicellular transitions at specific regions. Moreover, owing to the reversible nature of the magnetic capture, QS activity can potentially be ported and subsequently released.
To show this, we provide a capture video (Video S1) in which an external magnet is held next to the well containing QS-active MNCCs for collection. Their transition to the edge of the well is rapid. Then, the collected MNCCs are dragged by the external magnet, and transited to a different location. Subsequently, we demonstrate resuspension of collected QS MNCCs (Video S2) by removing the magnet field while gently pipetting the original solution into the well, that is, 10 mM PB at pH 7.1. A cyclic process has been shown in the Fig. 7 with steps of suspension-collection-relocation-resuspension. That is, the cells conjugating with MNPs can be collected by external magnet field quickly, and then, be moved to a different location. This process provided a potential of manipulating QS-active cells moving to random locations. Furthermore, the resuspension process suggested that the MNCCs could be uniformly suspended from a collected condition without irreversible aggregation. In sum, by extension, we demonstrate the full potential of magnetic capture and release of MNCCs. Moreover, as part of this demonstration, we reveal that the QS-mediated phenotype (concentrated red fluorescence) is dissipated by the removal of the magnet and gently pipetting although a pipettor.
Discussion
We demonstrated that by using positively charged magnetic nanoparticles and no other external manipulations than an applied magnetic field, we could alter the QS activity in non-communicating but QS responsive cells. This was performed by aggregating the QS reporter cells C. The reporter cells were first coated by 1 mg ml −1 MNPs, and then used to capture isometric WT cell (turbidity at 600 nm = 0.8) which was concentrated from cell suspension at turbidity = 0.01 and 0.3. The capture efficiency was also shown in this figure as 1 mg ml −1 MNPs capturing reporter cells (turbidity = 0.8), and further capturing isometric WT cell (the final E. coli reporter or WT cell bulk density was turbidity = 0.4, and MNPs concentration was 0.5 mg ml with WT cells using superparamagnetic nanoparticles either in tandem or as mixed aggregating complexes. These findings have not been reported by previously. The remarkable transformation to multicellular behaviour of the bioengineered E. coli cells from their single-cellular behaviours was generated due to the ability of the magnetic field to concentrate and localize the WT and reporter bacterial cells.
We suggest that these methodologies can be exploited to interrogate molecular information secreted by WT bacteria in a variety of settings. That is, bacteria (including dispersed pathogenic strains among commensal populations) could be agglomerated by magnetic fields and then coupled to reporter strains with the net result being the identification of signal molecules that emanate from the pathogens, revealing their presence (Terrell et al., 2015) . The methodologies depicted here are simple and relatively fast when compared to selective plating and culturing (Chen et al., 2003) . Additionally, we previously demonstrated that the reporter strains can also be viewed as production hosts in various bioprocess applications, such as the expression of recombinant proteins Zargar et al., 2016) . The results shown here enable the induction of the recombinant strains without addition of exogenous inducers that may be costly or otherwise heterogeneously distributed among the producing cell populations. Analogously, the system described here can be used to program cell behaviours in confined spaces, by locally increasing cell density, and therefore potentially facilitating and catalysing the biosynthesis of active ingredients. In sum, the present work represents a new and simple methodology for directing multicellular behaviours by taking advantage of the simple electrostatic interactions between nanoparticles and cells that, in turn, are mediated by the placement or actuation of simple and externally triggered magnetic fields. To the best of our knowledge, there have been no reports of such magnetic focusing of multicellular behaviour and we believe this work represents another stepping stone for further investigation of systems-level regulation of cellular behaviours.
Experimental procedures

Materials
Ferrous sulfate heptahydrate (FeSO 4 ·7H 2 O) and ferric chloride hexahydrate (FeCl 3 ·6H 2 O) were purchased from Mallinckrodt Baker (Phillipsburg, NJ) . N,N-dimethylformamide (DMF) and hydrochloric acid were purchased from VWR International (Radnor, PA). Toluene and concentrated ammonium hydroxide were purchased from Alfa Aesar (Ward Hill, MA). Tetraethyl orthosilicate (TEOS) (98%) and (3-Aminopropyl)triethoxysilane (APTES) (99%) were purchased from Sigma-Aldrich Corp. (St. Louis, MO). Disodium hydrogen phosphate and sodium dihydrogen phosphate were purchased from J. T. Baker (Center Valley, PA). Luria-Bertani (LB) broth medium, sodium sulfate and anhydrous ethanol were purchased from Fisher Scientific (Pittsburgh, PA). All chemicals were analytical grade. Water used in the present study was deionized water (di-water) with a resistivity higher than 18 MΩ cm (Millipore SUPER-Q, Darmstadt, Germany).
Bacterial plasmid construction
The plasmid construction of bacteria to generate E. coli [CT104 (W3110 lsrFG − luxS − pCT6 + pET-DsRed)] used in this study were recently reported (Terrell et al., 2015; Servinsky et al., 2016) .
MNPs and E. coli
A Malvern Zetasizer Nano ZS (Malvern Instruments, Worcestershire, UK) was used to evaluate the zeta-potential of MNPs, E. coli reporter and WT cells at room temperature (21 C). The E. coli cells and/or 0.5 mg ml −1 MNPs were dispersed in 10 mmol L −1 phosphate buffer (PB, pH 7.1) for zeta-potential tests. The interactive attraction between MNPs and E. coli cells was studied by a Tecnai T12 Transmission electron microscope (TEM) (FEI Company, Hillsboro, OR). The mixed suspension of 0.5 mg ml −1 MNPs and cells at turbidity 0.4 at 600 nm was dispersed in 10 mmol L −1 PB (pH 7.1). Then, 2 μl dispersion was dropped on a 200 mesh carbon-coated copper grid and dried overnight (12 h) before TEM observation. Representative images were shown. Scanning electron microscope (SEM) (Hitachi SU-70 Pleasanton, CA) was further used to observe the interaction between E. coli cells and MNPs in a larger threedimensional view. Briefly, 2 μl cell-MNPs suspension was dropped on a square silicon slice (4 × 4 mm) which has been adhered to conductive carbon tapes (Electron Microscopy Sciences, Ft. Washington, PA). Subsequently, samples were dried overnight (12 h) in air at 21 C for SEM observation. Representative images were shown.
Capture efficiency
Briefly, 500 μl reporter and WT cell suspension with (Sample) or without (Control) 0.5 mg ml 
Quorum quantification
After overnight (12 h) culturing, E. coli reporter and WT cells were diluted 1:200 into fresh LB medium and incubated at 37 C. The reporter and WT cells were harvested when turbidity values were around 0.3 at 600 nm. The cells were mixed at reporter: WT cell ratio of 1:0, 1:0.01, 1:0.1 and 1:1, and then centrifuged at 1500 g, 4 C for 20 min. After centrifuge, the LB was removed, and fresh PB (10 mmol L −1 , pH 7.1, 4 C) was added to adjust the turbidity to 0.4, 0.404, 0.44 and 0.8 for the cell suspension at reporter: WT cell ratio of 1:0, 1:0.01, 1:0.1 and 1:1 respectively. Then, the MNPs (0.5 mg ml −1 ) and 500 μl cell suspension were gently mixed and transferred to a single well of 24 well plate (single well diameter = 15 mm) with a circular MT (diameter = 4 mm) on the bottom of each well. The mixture was cultured in a 37 C incubator statically for 12 h. The controls were carried out using the same conditions but without MT (Control 1, MNPs only) or MNPs (Control 2, MT only). After incubating for 0, 3, 6, 8, 10 and 12 h, the 50 μl 1 mol L −1 Na 2 SO 4 was added to the 500 μl cell suspension to desorb E. coli cells from MNPs. After incubating for another 20 min at 37 C, the cells were separated from MNPs by an external 4 kG magnet for fluorescence activated cell sorting (FACS) detection and fluorescence observation.
Two additional capture methods were evaluated. The reporter and WT cells were cultured to turbidity 0.3 with and without dilution to turbidity = 0.01 by LB medium. Then, the cells were centrifuged at 1500 g, 4 C for 20 min to concentrate cells to turbidity = 0.8 and LB medium was replaced by 10 mmol L −1 PB (4 C) at pH 7.1. Two capture methods were performed to study the difference of focusing QS fluorescence. First, MNPs captured reporter cells that were assembled into complexes were subsequently used to capture WT cells (the ratio of reporter: WT cells = 1:1, final MNPs concentration = 0.5 mg ml
−1
). Second, 0.5 mg ml −1 MNPs were used to capture reporter and WT cells independently, followed by mixing the two complexes at ratio of 1:1 with subsequent culturing in the same manner as stated above. After incubation, 2 μl of cellMNPs complexes were dropped on a glass slide for fluorescence observation using an Olympus BX60 fluorescent microscope (Olympus Optical, Tokyo, Japan) as noted above (20-fold magnification, exposure time of 500 ms for fluorescence and 100 ms for bright field images).
Dynamic collection, relocation and resuspension of MNCCs
The culture and capture of E. coli W3110 (pT5-DsRed Express II) cells by MNPs were processed as above.
After the formation of MNCCs in suspension, an external magnet was used to collect the MNCCs, and then moved to a different location. Further, a 200 ml pipettor was used to gently pipette the aggregated MNCCs in 10 mM PB at pH 7.1. The entire process was captured by video, two representative videos are provided (Supporting Information) that demonstrate the magnetic capture, movement and release of MNCCs.
Statistical analysis
All experiments were carried out in triplicate. Means and standard deviations of data were calculated and reported for each treatment. Analysis of variance (ANOVA) was carried out using SPSS 16.0 (SPSS, Chicago, IL) with Duncan method to determine any significant differences among treatments (p < 0.05).
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